The lymphatic system plays an important role in protein and solute transport as well as the immune system. Its functionality is vital to proper homeostasis and fluid balance. Lymphatic fluid (lymph) may be propelled by intrinsic (active) vessel pumping or passively. With regard to the former, nitric oxide (NO) is known to play an important role in lymphatic vessel contraction and vasodilation. Lymphatic endothelial cells Both steady and unsteady analyses were performed. Steady models were simulated by prescribing fully developed velocity profiles ranging from 0.5 mm s -1 to 7 mm s -1 as the inlet boundary conditions. Unsteady simulations were generated using a velocity profile taken from experimental data from in situ experiments with rats.
Both steady and unsteady analyses were performed. Steady models were simulated by prescribing fully developed velocity profiles ranging from 0.5 mm s -1 to 7 mm s -1 as the inlet boundary conditions. Unsteady simulations were generated using a velocity profile taken from experimental data from in situ experiments with rats.
Production of NO was shear-dependent; basal cases using constant production were also generated.
Simulations revealed areas of flow stagnation adjacent to the valve leaflets, suggesting the high concentrations observed here experimentally are due to lack of convection in this region. LEC sensitivity was found to alter the concentration of NO in iii the vessel, and the convective forces were found to profoundly affect the concentration of NO at a Peclet value greater than or equal to approximately 61. The quasi-steady analysis was able to resolve wall shear stress within 0.15% of the unsteady case.
However, the percent error between unsteady and quasi-steady conditions was higher for NO concentration (approximately 6.7%). While there are no studies that have attempted to model transport within the lymphatic system, several computational works have been conducted that model NO transport within a parallel plate flow chamber or a simplified model of the microcirculation [3] [4] [5] . Other models developed for the lymphatic system are simply lumped-parameter [6] , one-dimensional [7] , or do not properly take into account the geometry of the valve region [8] .
The main aim of this study was to characterize the distribution of NO within a physiologic model of a lymphatic vessel obtained from confocal images in response to various convective flow regimes and degrees of LEC sensitivity to shear. In particular, we wanted to identify the importance of convective transport of NO within the lymphatic vasculature and determine if the high concentrations in the sinus region observed in an experimental setting may be attributed to flow-mediated factors, higher LEC numbers, or some combination. While there have been experimental studies that have quantified NO concentration within the lymphatics [2] , to the authors' knowledge this is the first study that has attempted to computationally model the transport of NO within a 3-D model of a lymphatic vessel.
METHODS

Vessel Geometry
Pentobarbital (50 mg mL -1 , 50 mg kg -1 , IM) was used to anesthetize male Employing the analogy between mass and energy transfer, the dimensionless temperature values were used to model the concentration of NO in the vessel. The computational grid was divided into control volumes and the Navier-Stokes and Conservation of Energy equations were solved for each cell. To ensure accuracy in our analysis, the Lewis relation [9] was employed and α/D ij was specified as unity, where α is thermal diffusivity and D ij is the diffusion coefficient of NO in aqueous solution.
Thus, the energy solutions have the same shape as that of the mass transfer. Table 1 shows the values for the concentration and thermal parameters. Table 1 . Description of constant parameters used in the simulations with corresponding thermal equivalents. α/D ij was specified as unity in order to ensure accuracy in the analogous assumption between mass and energy transfer.
All mass transfer values were matched from the literature [4] and correspond to NO in aqueous solution. Thus, all computational details described hereafter will only involve concentration values.
Flow and Concentration Equations
Both steady and time-dependent simulations were performed using the commercially available software Star-CCM+ (CD-adapco; Melville, NY). The software employs the finite volume approach that uses 2nd order discretization to solve for flow and energy on the computational grid. The thermal results were non-dimensionalized to obtain the analogous concentration solution.
Lymph was assumed to be a Newtonian and incompressible fluid with a dynamic viscosity, µ, of 0.9 cP and density, ρ, of 1 g cm -3 . Transport of NO is governed by the Advection-Diffusion-Reaction equation: 
Concentration Parameters
where v is the velocity field, C NO is the concentration of NO, t is time, and k NO is the pseudo-second order auto-oxidative NO reaction rate. A sigmoidal relationship between NO production and axial WSS was used as the flux boundary condition for NO production at the wall of the vessel (Eqn. 2):
where R NO is the production rate of NO, R NO,Max is the maximum production rate of NO corresponding to the rate used by Plata et al. [4] when modeling arterial endothelial cell production, WSS axial is axial WSS, r is the radius, and γ and W o characterize LEC sensitivity to shear. This function represents an increase in production in response to
WSS, but at a certain value of axial WSS (termed the "saturation point") the LECs can no longer produce at a higher rate with further elevation in shear (Figure 2 ).
Furthermore, an increase or decrease in the parameter W o results in this saturation point occurring at a higher or lower value of axial WSS. In this study, W o was varied to determine the effect of different saturation points on the concentration of NO within the lumen of the vessel. It should be noted that the maximum production was assumed to be 11 times that of the basal level (e.g. γ=10). The parameter γ was not varied because its effect on overall production rate is not as impactful as that of W o [4] . Simulations were also run using constant NO production boundary conditions with dimensionless values of 0.09 and 0.5 corresponding to the parameters B1 and B5, respectively.
Variables were converted to dimensionless form in the following manner: 
where Pe is the Peclet number equilavant to 2RV o /D ij .
Model Geometry and Computational Inputs
200 µm long inlet and outlet extensions were added to the geometry to facilitate the application of boundary conditions. The extrusion lengths were varied to determine the effect on velocity and concentration within the lumen of the vessel and it was found that the lengths aforementioned were optimal. In particular, the selected inlet length allowed for the development of a 3-D parabolic velocity profile. 
Mesh Independence
RESULTS
Steady Simulation Results
Velocity streamlines revealed areas of flow stagnation adjacent to the valve leaflets in the sinus region ( Figure 6 ). While these appear to be vortex-like in shape, it should be noted that the absolute value of velocities in this region were less than 0.03 mm/s compared to an average inlet velocity of 2.0 mm/s. Generally at low Pe, diffusion played more of a role in transport and there was a build-up of NO, similar to the observed effect in the sinus region where flow stagnation occurred. The inclusion or lack of shear-dependent NO production had profound effects on concentration profiles. Wall concentration decreased monotonically by as much as half over the physiologic range of Pe for the baseline B5 constant production case ( Figure 10 ). The baseline B1 case showed smaller, but still monotonic, decreases in wall concentrations with increasing Pe. This finding was consistent at all wall locations in the model. However, the simulations where production was shear-dependent resulted paradoxically in the wall concentration being less sensitive to Pe, and thus shear. The concentration profiles that result from shear-sensitive NO production began to decrease initially and then increased with increasing Pe. This initial decrease may be interpreted as the concentration profile being transformed from an effectively purely diffusive behavior to a predominantly convective regime. Thereafter, the slight increases in wall concentration were due to increased production, but were offset to some degree by increased convection. 
Unsteady Flow
For unsteady simulations, the concentration peaked at both positive and negative peak values of WSS because the sigmoidal NO production dependence on WSS was based on the absolute value of axial WSS rather than a "directional" value ( Figure 11 ). Although many time points were compared, the results listed in Figure 12 respresent data when the flow regime was at its maximum peak (t = 3.3 s), transition into systole (t = 3.9 s) and minimum positions (t = 4.25 s). WSS values across all time points were resolved to less than 1% with the quasisteady approach. However, the RMS error in concentration profiles between steady and unsteady cases increased with decreasing velocity (Table 3) . For example, differences between steady and unsteady concentrations were 0.40% for the simulation run at peak velocity (t = 3.3 s) compared to 6.70% for the simulation run at the minimum velocity (t = 4.25 s). Instantaneous concentration values taken at a time when the velocity was small or at a minimum had lingering NO within the lumen of the vessel that had not been transferred away due to the increasingly diffusive nature of the transport scheme. This lingering NO in the unsteady cases was not found in the quasi-steady simulations and thus contributed to the percent difference between the two. Based on these findings, unsteady concentration results generally agreed better with steady results in flow regimes with an overall higher velocity. 
DISCUSSION
The study presented herein investigated the effects of fluid dynamics and LEC sensitivity on the concentration of NO within the lumen of a lymphatic vessel. This is the first time such a study was conducted on a model obtained from confocal images of a live lymphatic vessel. By implementing shear-sensitive boundary conditions for the production of NO, we were able to understand how the sensitivity of LECs may play a role in the concentration of NO. Additionally, we showed that areas of high concentration exist within the sinus regions near the valve leaflets as observed by Bohlen et al. [2] . Our results further validated that a quasi-steady analysis is appropriate, particularly for cases where the velocities are elevated.
While the average values of shear within the lymphatic flow regime are approximtely 0.64 dyne cm -2 [10] , the peak values of shear quantified in simulations were generally comparable to WSS values calculated for large arteries [12] .
Additionally, high concentrations have been observed experimentally near the valve leaflets in the sinus area, but it was unclear as to whether this phenomena was due to high surface area with more LECs to produce NO, higher production rates in general at this site, or whether it is flow mediated. Furtheremore, experiments have shown that an increase in shear results in increased production of NO by LECs [1] . We found that LECs in areas of flow stagnation observed in representative velocity streamlines produced at a much lower rate than do LECs in the higher shear areas of the vessel.
Despite the low production rates in this area, there was substantially more NO present in this region compared to areas of high production, suggesting the high concentration in this area observed experimentally is flow-mediated and due to stagnation as opposed to a higher value of NO production. Additionally, the extremely low levels of production and highly diffusive forces seem outweigh the concept that high surface area of LECs is the sole cause of the enhanced NO levels.
Furthermore, convection plays a major role in NO transport not only at the wall, but also within the lumen of the vessel. The local Pe numbers generated toward the center of the vessel were much greater than those at the wall and resulted in diminished NO in this region. High concentrations at low Pe values were observed for cases where the basal level production was set to the B5 constant production, which intuitively does not make sense because experiments have shown that higher concentrations of NO increase with elevation in shear [2] . Thus, this model further supports shear-dependent production of NO by showing that situations where production is constant are physiologically not germane. Additionally, there were no substantial increases in concentration after Pe ≥ 61, suggesting that the role of convection begins to take more of an effect in the transport scheme at this point. Note that Pe=61 should not be interpreted as any "critical value" at which convection overcomes diffusion, but simply an approximate location at which the role of convection becomes more apparent.
We have futher shown that the percent difference in WSS between instantaneous values taken from unsteady and quasi-steady simulations differ by less than 1% over a range of velocity values, suggesting that a quasi-steady approach is more than adequate for resolving the fluid dynamics for this geometry. An analysis comparing concentration profiles between quasi-steady and unsteady velocity simulations revealed increasing percent error with decreasing velocity. This was attributed to lack of transport of NO for the unsteady case out of the computational domain of interest in lower Pe simulations.
However, when Pe reached a certain value, these diffusive forces were no longer significant and the quasi-steady and unsteady concentrations were quite similar, resulting 
CONCLUSIONS
Our results showed that high concentrations observed adjacent to the valve leaflets in experimental findings were most likely due to flow-mediated processes.
Because higher values of shear led to increasing concentrations at the wall only after Pe was at or above approximately 61, simulations suggested that this value was where convective forces start to greatly affect the concentration distribution. Futhermore, this model supports the mechanism of a shear-sensitive endothelium because high levels of NO at the wall do not make physiologic sense in low velocity flow regimes as observed when comparing the basal level production cases to WSS dependent cases. Finally, a quasi-steady approach seems to be sufficent for anlaysis of WSS and NO concentration in a static model of a mesenteric lymphatic vessel.
In short, the concentrations of NO within the lymphatic vesssel were found to be sensitive to changes in the convective scheme and LEC sensitivity. Further studies could be conducted to investigate the fully dynamic system of NO transport resulting from vessel wall movement and valvular propulsion of lymph.
